mechanism by which dopamine exerts its regulating effect on photoreceptors has not been fully defined. In addition to Ca 2+ feedback, adaptation to various light environments may include other mediator systems [25, 26] . There is accumulating evidence that cAMP is also implicated in regulation of the photoreceptor intracellular signaling, adjusting its efficiency to specific light conditions. cAMP regulates some photoreceptor functions linked to retinal adaptive physiology, such as membrane turnover in rod outer segments [27] , cone retinomotor movement [19, 28, 29] , and melatonin synthesis [30] [31] [32] [33] . Previously, we showed that pharmacologically induced changes of the cAMP level in isolated rods of Rana ridibunda have a direct effect on the phototransduction cascade [34] . We found that elevation of intracellular cAMP leads to an increase of the absolute sensitivity of the light response in the dark but a decrease of the fractional light response in the light-adapted state.
The main putative mechanism of dopamine-induced changes in photoreceptors for adaptation to the light environment comprises the activation of D 2 R and decrease in the level of cAMP, which in turn, leads to downregulating PKA activity [35, 36] . The available data suggest that the way the dopamine affects the responsiveness of photoreceptors to light is generally consistent with the above scenario. In the dark-adapted state, when the dopamine level in the retina is low, disruption of dopamine production in the retina [37] or disruption of dopamine signaling via subtypes of D 2 -like receptors [38] , D 2 R [38, 39] , or D 4 R [35] does not produce any significant changes in the a-wave of electroretinography (ERG). Under photopic conditions, however, in dopaminedepleted or dopamine signaling-depleted retinas, the magnitude of the a-wave of ERG is decreased compared to that of wild-type animals [35] .
In this report, we aimed to investigate whether dopamine downregulates the gain in the phototransduction cascade in rod photoreceptor cells via D 2 R. We examined the effects of dopamine and dopamine receptor agonists SKF-38393 (selective to D 1 R), quinpirole (selective to D 2 R), and SKF-83959 (selective to D 1 -D 2 receptor heterodimers) on the photoresponses of isolated frog rods. We found that, when applied to the rod inner segments, dopamine and dopamine receptor agonists had no effect on the phototransduction cascade. In contrast, rods responded to dopamine and all agonists applied to their outer segments via decreasing sensitivity to light. We conclude that dopamine induces a decrease of rod sensitivity, mostly by reducing the activation rate of the cascade, and to a much lesser extent, speeding up the turning off of the cascade. The sign of a reaction to all tested drugs, lack of selectivity of dopamine and dopamine receptor agonists' action, and analysis of factors that determine the sensitivity of photoreceptors suggest that dopamine's action is mediated by D 1 -D 2 receptor heterodimers but not D 1 R or D 2 R alone. In agreement with results published previously by other authors, we suggest that dopamine exerts its regulatory effect via at least two independent mechanisms, namely, cAMP and Ca 2+ mediation.
METHODS

Experimental animals:
The study was conducted on isolated rods of the frog Rana ridibunda. Adult animals were caught in the wild in southern Russia. They were kept for up to 6 months at 10-15 °C on a natural day/night cycle; they had free access to water and were fed with mealworms. Each response was normalized to the corresponding dark current (~23 pA) and the average plotted "upside down" to show the circulating current. The f lash intensities in these recordings were 2,220-3,520 photons • μm −2 per flash. B: The same response as in Figure 4A on an enlarged scale. The noisy black line shows the averaged response. The smooth red line is a singleexponential approximation. 
The other drugs were directly dissolved in Ringer's solution at the intended concentrations (gentle warming was needed to completely dissolve SKF-38393). Since dopamine in solution is susceptible to oxidation and decomposition, the dopamine solution was prepared just before cell recordings. Other drugcontaining solutions were made up and used on the same day.
Photocurrent recording: The photoreceptor current was recorded using a standard suction pipette recording technique [40] . The details of the suction recording rig have been previously described [34, 41] . The rods were sucked into a glass pipette in an "outer segment out" configuration (rod outer segments were exposed to drugs and rod inner segments were in the suction pipette) or "inner segment out" configuration (drugs were applied to rod inner segments while rod outer segments were in the pipette). Changing of the solutions around the rod segments was achieved with a local perfusion system, which allowed quick replacement of the Ringer's solution with drug-containing solutions. In the control experiments, the rods were placed into a jet of drug-free Ringer's solution (in experiments with SKF-83959 0.1% DMSO in Ringer's solution was used as control) to test if the jet of the Ringer's solution affected the parameters of photoresponses. It took about 35 min to record one cell.
The light stimulation system was based on a high-output light-emitting diode (LED). The stimulus intensity was controlled by switchable neutral density filters and LED current. Rods were stimulated with 10-ms flashes of LED light with λ max = 521 nm.
The photoresponses were low-pass filtered at 30 Hz (eight-pole analog Bessel filter) and recorded at 10-ms digitization intervals. The flash intensity was calibrated for the majority of individual rods using the Poisson statistics of responses to weak flashes [42] . Data acquisition, stimulus timing, and stimulus intensity were controlled by hardware and software from LabView (National Instruments, Austin, TX). Temperature held at 17-19 °C in the experimental room.
Data analysis:
To estimate putative changes in photoresponse properties, we analyzed the following parameters: the dark current, rod sensitivity, activation rate (A), turn-off time constant (τ off ), and dominant recovery time constant (Pepperberg constant; τ D ). These measures reflect different basic parameters of the phototransduction cascade, correlating to its functional state. The dark current was measured by an amplitude of a photoresponse to a saturating flash. The light sensitivity of rods was assessed by their responses to weak nonsaturating flashes (eliciting responses with an amplitude approximately 25% from the dark current level; Figure 1A) ; an average of 10 responses was normalized to the magnitude of the corresponding dark current. The activation rate of the phototransduction cascade characterizes the steepness of the rising phase of rod responses. For the present study, we needed only to determine the relative changes of the activation rate. Thus, we made no assumption on the mathematical formalization of biochemical mechanisms underlying the rising phase of the photoresponse, and we extracted the ratio of two activation rate parameters (one for the experimental condition and one for control) by adjusting the rising phases of these two photoresponses, which were both elicited by the same light flash and both normalized to their maximum (dark) current (Figure 2A ). The falling phase of photoresponses, corresponding to the main reaction(s) of the phototransduction cascade turn off was fitted with a singleexponential function with time constant τ off ( Figure 2B ). To determine how the drugs affected the slowest inactivation process, sets of responses to saturating stimuli of increasing flash intensities were recorded immediately before incubation in drug-containing solution and after 20 min of incubation ( Figure 3A) . The plot of the time of recovery from saturation as a function of the natural log of the flash intensity is called the Pepperberg plot [43] . The slope of the linear fit (approximation of experimental points with T rec = C + τ D ˑln[I]) reveals the dominant time constant of recovery -τ D (an example is given in Figure 3 ).
To determine whether dopamine or agonists affect the light-induced calcium changes in rod outer segment (ROS), we measured the "exchange current", as was done previously [34] . Briefly, in the "outer segment out" configuration, a series of responses to saturating stimuli was recorded before the incubation in the drug-containing solution and then after the incubation, starting from 20 min (3-4 recordings were made at the beginning and at the end of this experimental protocol). The normalized responses of each series were averaged, and then a slow, creeping phase of the photoresponse to a steady (zero) current level was fitted with a single-exponential function (Figure 4 ). Exponential approximation gives two parameters-the magnitude of the "exchange current" and decay time constant (see details in [34] ).
Statistical analysis was performed using OriginPro 8.0 (Microcal Software, Northampton, MA). To evaluate whether the distribution of data was normal, the Shapiro-Wilk test was performed. The two-sample Student t-test and one-way analysis of variance (ANOVA) with post hoc comparisons using Tukey's multiple comparison test were used to analyze data that showed a normal distribution, while the MannWhitney U-test was used for data that did not. In the case of pairwise comparisons, the paired-samples t-test (normal distribution) and paired-samples Wilcoxon test (non-normal distribution) were used. The single-sample t-test was used for determining the significance of differences of the activation rates in the control experiments (we compared a ratio of the activation rate (see above) to a hypothetical population mean that we took as 1). To determine the strength and slope of a linear relationship between two variables, the adjusted coefficient of determination (R 2 adj ) was calculated.
The results are presented as a ratio of the parameters after 20 min of incubation of rods in the drug-containing solution to those in Ringer's solution; in the control experiments, as a ratio of the same parameters after turning on the local perfusion (jet of drug-free Ringer's solution) to those before placing rod outer segments into the jet. The data were expressed as the mean ± standard error of the mean (SEM), and a p value of less than 0.05 was considered the threshold of significant difference.
RESULTS
Control experiments (jet of Ringer's solution alone):
In the "inner segment out" configuration, we did not find any mechanical effects of the jet: the parameter values were quite similar before and after turning on the jet (data not shown). The paired-samples t-test, paired-samples Wilcoxon test (for the sensitivity with non-normal distribution of data values), or one-sample t-test (for the activation rates) was used (n = 5). The jet containing 0.1% DMSO (used as control in the experiments with SKF-83959) also did not affect the parameters studied of photoresponses (data not shown), as was revealed by the paired-samples and single-sample t-tests (n = 5).
In the "outer segment out" configuration, placing rod outer segments into the jet caused a decrease of the activation rate (p<0.05; one-sample t-test) without changing other characteristics (Table 1) , as was revealed by statistical analysis (paired-samples t-test; n = 10). The jet containing 0.1% DMSO in Ringer's solution (control for SKF-83959) did not change the photoresponse characteristics significantly ( Table 1 ). The statistical significance was assessed using paired-samples and single-sample t-tests (n = 5). The reasons the activation rate was only statistically reliably reduced in the experiments with Ringer's solution jet alone, and not the experiments with jet containing Ringer's solution + 0.1% DMSO, are not quite clear. There are many factors that may mediate the effect of the jet on the cell, and we have no reason to consider any of them as a key factor.
The lack of effects on the photoresponse properties in the "inner segment out" configuration: In the "inner segment out" configuration, all the drugs were tested at only a 50-µM concentration. The drugs had no effects on the parameters studied (data not shown). To analyze data that showed a non-normal distribution (sensitivity for control without DMSO, dominant recovery time constants for dopamine and SKF-38393, and activation rate for quinpirole), the Mann-Whitney U-test was used. The other parameters were compared using the two-sample Student t-test (n = 5-7).
"Outer segment out" configuration:
Dopamine-The effect of dopamine on the photoresponse properties was evaluated using four different concentrations (ranging from 0.1 to 50 µM). Using one-way ANOVA with the Tukey's post hoc test corrected for multiple comparisons, it was revealed that dopamine decreased rod sensitivity at 2.5, 20, and 50 µM compared to control, while at 0.1 µM, the decrease in the sensitivity was not significant ( Figure 1B) . The ratios of the sensitivities (after incubation/ before incubation) reduced to ~75% (at 2.5 µM), ~67% (at 20 µM), and ~72% (at 50 µM) compared with the ratio of the sensitivities in the control experiment (Table 1) . We also found a significant decrease of light sensitivity between 0.1 and 20 µM ( Figure 1B) . The other parameters studied did not change significantly with dopamine at all tested concentrations (Table 1) . D 1 R agonist SKF-38393-The exposure of rod outer segments to SKF-38393 resulted in a prominent decrease of rod sensitivity at all tested agonist concentrations ( Figure 5A , Table 1 ). This D 1 R agonist reduced the sensitivity to ~75% (at 0.1 µM), ~78% (at 2.5 µM), ~63% (at 20 µM), and ~59% (at 50 µM) compared with control. SKF-38393 at 50 µM also decreased (~1.8-fold) the activation rate compared with the lowest tested concentration (0.1 µM, Figure 5B , Table 1 ); however, changes of activation rate in relation to control were statistically insignificant. The turn-off time constant (τ off ) of photoresponse at 0.1 and 2.5 µM was approximately at the level of control, while at 20 and 50 µM, it decreased by ~28% and ~29%, respectively, compared with control ( Figure 5C , Table 1 ). The magnitudes of the dark current in the presence of SKF-38393 did not change noticeably ( Figure 5D , Table 1 ). SKF-38393 sped up the rods' recovery from supersaturating flashes that was reflected in a decrease of the dominant recovery time constants (τ D ) at 20 and 50 µM ( Figure 5E , Table 1 ). Multiple comparisons between groups (control, 0.1, 2.5, 20, and 50 µM SKF-38393) were evaluated by one-way ANOVA, followed by the Tukey's multiple-comparison procedure. D 2 R agonist quinpirole-One-way ANOVA followed by Tukey's test was used to test for the statistical significance of differences between control rods and rods exposed to quinpirole at 2.5, 20, or 50 µM. Of the parameters studied, the only one that changed was the sensitivity reduction at 50 µM quinpirole to ~75% compared with control (Table 1) . D 1 -D 2 receptor heterodimer agonist SKF-83959-SKF-83959 reduced the sensitivity to ~73% at 50 µM (the only tested concentration) compared with control (0.1% DMSO in Ringer's solution). Another parameter that decreased significantly was the turn-off time constant (Table 1 ). The other parameters studied did not change compared with control. Statistical analysis was performed using the two-sample Student t-test.
Probably because of the moderate size of the effect, analysis based on grouping data sorted by agonist concentration failed to reveal a correlation between the sensitivity, activation rate, and turn-off time constant in drugs other than SKF-38393. Therefore, we investigated possible correlations of sensitivity changes, the activation rate, and the time of the cascade turn off in individual cells. Here, for every consideration, we put the data from all the cells exposed to only one drug but with different concentrations into one pool. The pairs of values of the sensitivity and activation rate, as well as the sensitivity and turn-off time constant, were analyzed separately, assuming a linear correlation function, and values of the slope of a linear trend and adjusted determination coefficient R 2 adj were calculated ( Figure 6, Figure 7 ).
For most data groups, R 2 adj is low and allows us only to refer to correlation data as a tendency rather than a proven correlation. However, here, one can notice that, in SKF-38393, dopamine, and SKF-83959, the slope of sensitivity/activation rate correlation ( Figure 6 ) was much steeper than the slope of the sensitivity/turn-off time constant correlation was ( Figure  7) . For dopamine and SKF-38393, the R 2 adj of the sensitivity/ activation rate correlation substantially exceeded that of the sensitivity/turn-off time constant correlation. For quinpirole, the slopes of both correlations were about the same, and R 2 adj was also similar and low for both correlations. For SKF-83959, the slope of the sensitivity/activation rate correlation was much higher than it was for the sensitivity/turn-off time constant correlation; however, R 2 adj was low for both correlations. The general conclusion that can be made from the above data is that the decrease of sensitivity correlates much better with a decrease of the activation rate rather than speeding up of the cascade turn-off processes.
Effects of dopamine and dopamine receptor agonists on the "exchange current" in ROS:
The possible effect of dopamine and dopamine receptor agonists on Ca 2+ homeostasis in the rod outer segment was assessed at 50 µM for all the drugs. The use of the standard method of calcium sensitive fluorescence dye is complicated by the photosensitivity of the cells. Thus, we employed a simple but reliable method for measuring the size and kinetics of the so-called "exchange current" that appears at the moment of a complete closure of all cGMP-gated channels (details are given in [34] ). We found that D 1 -D 2 receptor heterodimer agonist (SKF-83959) increased the magnitude of the "exchange current" by 1.27 ± 0.05 times (p<0.05) without significantly changing its kinetics ( Table 2 ). The magnitude and kinetics of the "exchange current" did not change as a result of dopamine, SKF-38393, or quinpirole ( Table 2) . As the data showed a normal distribution, the statistical significance was assessed using the two-sample t-test.
Applying analysis of a correlation between the sensitivity and changes of "exchange current" (i.e., intracellular calcium) to individual cells, we found this correlation weak but negative for all tested drugs (Figure 8, Figure 9 ). In other words, for all tested drugs, intracellular calcium shows a tendency to increase with decreasing sensitivity of the rod.
DISCUSSION
Localization of dopamine receptors in frog rod photoreceptor cells:
The repertoire of dopamine receptors and their distribution between cellular compartments have been intensively studied. Thus, visualization of dopamine receptor distribution by autoradiography on the rat retina [10] and fluorescence staining in amphibian [11, 13] , mammalian, chicken, and fish [12, 13] rods and cones showed that photoreceptors bear D 2 R. Functional tests also provide evidence in favor of D 2 R. Thus, the effect of dopamine on retinomotor movement in frog cones [9] , the calcium current in L-type calcium channels in salamander cones [44] , and rod-cone coupling in the Xenopus retina [45] have been reproduced by the D 2 R agonist quinpirole but not D 1 R agonist SKF-38393. Communication of photoreceptors to horizontal cells was found to be affected by both SKF-38393 and quinpirole, although SKF-38393 elicited the same effect at a 20 times larger concentration than quinpirole did [46] . D 2 R but not D 1 R agonists and antagonists also affected the affinity of cGMP-gated ion channels for cGMP in a circadian manner in chickens [47] and hyperpolarizationactivated current in the inner segments of Xenopus rods [48] .
Staining of rat photoreceptors [12] reveals localization of dopamine receptors on both outer and inner segments while in amphibian, the specific labeling for D 2 R was found primarily on inner segments [49] . In our experiment, we found more prominent functional polarization of responsiveness, with the outer segment responsive to dopamine and agonists but the inner segment nonresponsive. Our experiments were conducted under dark-adapted conditions, but it is possible that in light-adapted cells, the distribution of dopamine receptors between cell compartments may change, as was found in rat photoreceptors [12] . In addition, it cannot be ruled out that some dopamine receptors may have been in the region of the synaptic terminal but were lost because of the isolation of cells from the retina.
Effects and putative mechanism(s) of dopamine action on the phototransduction cascade:
The present study aimed to elucidate how dopamine may affect the central function of photoreceptor cells-their phototransduction, which converts light stimuli into electrical output to the second-order neurons. The current concept is that dopamine activates D 2 R on the photoreceptor's plasma membrane, leading to decreases in the intracellular cAMP level and activation of PKA. This, in turn, leads to multiple actions via (mostly hypothetical) loops that affect various molecular targets, manifesting in various functional appearances, as described in [19, [27] [28] [29] [30] [31] [32] [33] . Among them, the effect of dopamine on the phototransduction cascade has not yet been investigated. Previously, we analyzed the effect of cAMP on the major parameters of the phototransduction cascade, and this made possible a direct comparison of the dopamine effect in the present study and the known effects of cAMP elevation on the phototransduction cascade in the isolated rod of the same species [34] . One of the basic ideas of the analysis was to estimate whether dopamine produces opposite changes in photoresponse properties compared with intracellular cAMP.
A decrease of fractional response to light flashes may be caused by slowing down the process of activation of the phototransduction cascade, speeding up the turning off of the cascade, or both. The former process is characterized by the activation rate of the cascade. The turn-off process includes multiple reactions [50] , and it can be fitted in a first approximation by a single exponent. To analyze which of the listed parameters is mostly responsible for the decrease of sensitivity, we estimated the correlation between the sensitivity of a photoreceptor cell to light, activation rate, and turn-off time constant.
We found that a rod photoreceptor responds to dopamine and all agonists applied to its outer segment by decreasing sensitivity to light. All tested drugs can be rated by the combination of size of their effects on sensitivity, as well as in the reverse order by the magnitude of the concentration thresholds of these effects, as SKF-38393 > dopamine > SKF-83959 > quinpirole. At the maximum drug concentration, 50 µM, the most prominent effect on a rod photoreceptor sensitivity was produced by the D 1 R agonist SKF-38393, while dopamine, the D 2 R agonist quinpirole, and the D 1 -D 2 receptor heterodimer agonist SKF-83959 produced somewhat smaller and approximately equal effects (Table 1) . Moreover, SKF-38393 showed reduced sensitivity at all tested concentrations, starting from the smallest one (0.1 µM), while dopamine and quinpirole started their action at the higher concentrations of 2.5 µM and 50 µM, respectively ( Table 1) .
Analysis of kinetic characteristics of photoresponses revealed that the activation rate (A) decreased statistically significantly only at 50 µM SKF-38393 and only compared with the lowest concentration of this agonist (0.1 µM). The turn-off time constant (τ off ) decreased statistically significantly with SKF-38393 (at 20-50 µM) and SKF-83959 (at 50 µM) compared with the control. Dopamine produces a decrease of sensitivity starting from a 2.5 µM concentration compared with control. This decrease is not accompanied by statistically significant changes of the activation rate or the turn-off constant. Quinpirole demonstrates a statistically significant decrease of sensitivity to light only at the highest concentration of 50 µM (versus control). In the case of dopamine, the decrease is not accompanied by changes of the activation rate or turn-off constant.
Among the numerous physiological effects of dopamine application, changes of intracellular calcium [Ca 2+ ] in are the most important, irrespective of whether [Ca 2+ ] in changes are secondary to cAMP changes or occur through independent signaling pathways (see [36, 44, 51] and also discussion below). To evaluate possible changes of [Ca 2+ ] in in our experiments, we measured the intracellular calcium using the "exchange current" as a tool. All the drugs were tested at one concentration, 50 µM. Here, we found a statistically significant increase of intracellular calcium by 1.3 times for SKF-83959 only (Table 2) . Taking all the above data into consideration, we can now make a direct comparison of regulatory action on the cascade in frog rods induced either by forskolin [34] or dopamine. Forskolin induces elevation of [cAMP] in , elevation of [Ca 2+ ] in , and as a result, elevation of the rod sensitivity. The fractional response to light grows due to the retardation of turn-off reactions. The proposed mechanisms for this retardation are the decrease of background (dark) activity of phosphodiesterase (PDE) and modulation of guanylate cyclase (GC) activity. In the present study, dopamine induced a decrease of rod sensitivity, mostly by reducing the activation rate of the cascade, and to a much lower extent, speeding up the turn off of the cascade.
The data suggest that the effect of dopamine is largely not an inverse effect of forskolin. Partly reciprocally inverse to the reaction to forskolin is the behavior of the time constant of the cascade turn off, which slows down/speeds up in response to an increase/decrease in cAMP. In addition, the behavior of the dominant turn-off time constant of the phototransduction cascade (τ D ) is the inverse. It decreases in response to SKF-38393, thereby speeding up the slowest process of cascade turn off, and this behavior is opposite to the increase of τ D in response to cAMP elevation [34] .
However, a putative decrease of cAMP by dopamine reduces the activation rate of the cascade, while an increase of cAMP makes no changes to this parameter. It may be appropriate here to assume that at a certain cAMP level, the activation rate reaches its biochemical limit, and further up-(but not down-) regulation by cAMP is impossible. Dopamine, SKF-38393 and quinpirole on average do not change the [Ca 2+ ] in , while SKF-83959 increases it by ~1.3 times (Table 2 ). This effect is likewise not inverse to the effect of forskolin, which also increases [Ca 2+ ] in to approximately the same extent [34] . This fact leads to the conclusion that, as was already proposed before [44, 52] , dopamine exercises its regulatory effect via at least two independent mechanisms, namely, the cAMP-mediated and Ca 2+ -mediated mechanisms. Thus, it is possible that cAMP downregulation could solely reduce [Ca 2+ ] in but independent calcium regulation by dopamine may compensate for or even exceed the prestimulus level of [Ca 2+ ] in .
The sign of the reaction to all the tested drugs, lack of selectivity of dopamine and agonist action, and analysis of factors that may determine the decrease of sensitivity to light suggest the presence of D 1 -D 2 receptor heterodimers. A functional proof of existence of D 2 -D 5 receptor heterodimers was shown in rat ganglion cells [52] . The signaling pathways of dopamine may be branching, and stimulation of such heterodimeric complexes with either D 1 R or D 2 R agonist might lead to a reaction that is not characteristic of either D 1 R, or D 2 R alone (for review see [53, 54] )and may affect the various functions of a photoreceptor cell.
